1. Macrosteel fiber can enhance the mechanical properties before cracking and avoid the brittle failure of the concrete member during the concrete cracking and bridging of the cracks. 2. In the whole process after cracking of the concrete beam, only the macro-SF is capable to restrict the crack widening, to improve the cracking resistance and toughness, to demonstrate a stable loadedeflection curve, and to maintain the conductive path of the cracked concrete matrix while the NCB and micro-CF are incapable to cross the crack surfaces (Ding et al., 2009 (Ding et al., , 2016 Deutscher Beton-Verein, 1998 ).
Based on the investigation of the conductive materials on the workability, compression strength, and flexural strength of concrete, lots of conductive material reinforced concrete beams were investigated experimentally, in order to study the damage and the FCR of concrete beams subjected to different loading levels. The aim of this work is to analyze the effect of NCB or CF, especially of the hybrid use of NCB and short CF as diphasic conductive materials, on the FCR of concrete beam, to study the relationships between the FCR and the strain of initial geometrical neutral axis (IGNA) of concrete beam in the precracking region. Meanwhile, the selfdiagnosing ability to the cracking property and to the loadedeflection behavior of the concrete beam was investigated. The relationship between FCR and the crack opening displacement (COD) of triphasic electrically conductive concrete beams under bending has been established using a tentative data return method. The results show that the relationship between the FCR and crack opening displacement of concrete beams can be well linearly fitted.
Experimental investigations

Materials and mixture design
In this test program (Ding et al., 2013 (Ding et al., , 2016 , the base mix design of concrete beams without conductive admixtures (NCB, CF, and SF) was as follows: cement CEM I 42.5R 390 kg/m 3 , fly ash 155 kg/m 3 ; fine aggregate 848 kg/m 3 (0e5 mm), coarse aggregate 822 kg/m 3 (5e10 mm); water 272.5 kg/m 3 ; waterebinder ratio 0.5, and superplasticizer(SP) 7.63 kg/m 3 . The base mix design of concrete without conductive materials is illustrated in Table 12 .1. The NCB content with particle size ca. 30e90 nm (Fig. 12.1(a) ) was between 0.1% and 0.3% by mass of binder (0.55e1.64 kg/m 3 ), the density of NCB was about 0.5 g/cm 3 and the volume resistivity was 2.3 U cm. The carbon fiber content with diameter of 12e15 mm and a length of 6 mm ( Fig. 12.1(b) ) was between 0.4% and 1.2% by mass of binder (2.18e6.54 kg/m 3 ); the density of CF was about 1.6 g/cm 3 and the volume resistivity of CF was between 3 and 7 mU m. The macrosteel fiber content with a diameter of 0.55 mm and a length of 35 mm ( Fig. 12.1(c) ) was between 4% and 
Samples and set-up description
A forced mixer was used for mixing. For concrete specimens with conductive admixtures, NCB was mixed firstly with cement, fine and coarse aggregates before the addition of water, however, the carbon fiber, methylcellulose, and defoamer were dissolved or premixed with 5 L water for well dispersion of fibers. Then the premixture, NCB and superplasticizer, cement and fly ash, steel fiber and aggregate, and water were mixed for 5 min (Ding et al., 2013; Chung, 2001) . The specimens prepared for testing were beams with the size of 100 mm Â 100 mm Â 400 mm. The specimens were demolded after 1 day and then cured at room temperature in air (relative humidity ¼ 100%) for 28 days.
The relationships between FCR and strain, and FCR and flexural load-bearing capacity have been studied. We also analyzed the relationship between FCR and COD. The FCR measured is the fractional change in surface resistance on the tension side under bending. The dimensions and electrical contact details of all beams are shown in Fig. 12 .2. For strain sensing beam four electrical contacts were prepared in the form of conductive adhesive tapes, which were adhered on the whole sides of the specimen ( Fig. 12. 2(a)) (Ding et al., 2013) . For crack sensing specimen four electrical contacts were prepared in the form of conductive adhesive tapes, which were adhered on the tension side of the specimen (Fig. 12.2(b) ) (Ding et al., 2016) . Based on the four probe method of electrical resistance measurement, contacts A and D were assigned for passing current while contacts B and C were assigned for measuring the voltage (Wen and Chung, 2006) . 
Test methods
For group A specimens, the 4-pole method was adopted for the measurements of resistance. A hydraulic servo testing machine (MTS Model 810) was used. The close-loop test was controlled by displacement, and the deformation rate of net midspan was 0.2 AE 0.02 mm/min until the specified end-point deflection is reached, which was 3 kN larger than the previous loading level (Ding et al., 2016) . There are two possibilities of the loading history, and the loadetime relationships of the beam are illustrated in Fig. 12 .3(a) and (b). Six strain gages were applied for measuring the longitudinal strain, two of which (Strain 2(5)) were used on each side of the two opposite surfaces to measure the strain of initial geometrical neutral axis (IGNA) under the externally applied load N (Fig. 12.4.) .
During the loading process, the strain near the top of concrete beam in the compression zone, the strain of IGNA, and tensile strain near the bottom of the beam have been measured by strain gages and the resistance of concrete beam has been measured simultaneously. Then the strains of IGNA can be obtained by strain gages (2) and (5). The resistance of beams was continuously measured simultaneously during loading by using the 4-pole method previously mentioned. Other experimental instruments include an AC stabilized voltage supply, IMC Intelligence Data Collecting System, fixed resistor, and AC/DC converter. A schematic view of beam under loading with current electrodes and voltage electrodes is illustrated in Fig. 12 .4. Rubber joints were used under the supporting points during the experiment (see Fig. 12 .4), in order to isolate the concrete beam from the loading frame. Group B specimens were tested under flexure over a span of 300 mm in thirdpoint loading using a hydraulic servo testing machine (MTS 810). The close-loop test was controlled by displacement, and the deformation rate of midspan was 0.2 AE 0.02 mm/min until the specified end point deflection of 3.5 mm is reached. Two strain gages were applied at the bottom of the beam for measuring the longitudinal strain on the tension side before cracking. Two LVDTs were applied on the two opposite sides for measuring deflection of midspan. An extensometer was attached at the midspan to measure the crack opening displacement during the test (see Fig. 12 .5). Other experimental instruments include an AC stabilized voltage supply, IMC Intelligence Data Collecting System, fixed resistor, and AC/DC converter (Ding et al., 2016) .
12.3 Influence of conductive admixtures on the mechanical and electrical properties of concrete beam
Influence of conductive admixtures on the workability
The workability of highly flowable fresh concrete with and without conductive admixtures has been evaluated by measuring the slump flow according to EFNARC. The experimental results of workability are listed in Table 12 .3. The factor d represents the average diameter in the slump flow test. From Table 12 .3, it can be seen that the fresh PC (plain concrete without any conductive admixtures) corresponds well to the requirements of self-compacting concrete, and there is a very good flowability and no segregation; however, the workability The average values of the compressive strength (f cu ) of three specimens at the age of 28 d can be found in Table 12 .4. The increment of the compression strength ranges between 1.6% and 7.5%. It means that the addition of NCB, CF, and macro-SF demonstrates some positive effect on the compressive strength of concrete, but does not show significant trend of improving compressive strength. The flexural strength and toughness parameters (the equivalent flexural strength and energy absorption capacity) of beams with different conductive admixture contents have been investigated based on German Guideline [22] . The flexural strength (s u ) and toughness parameters are shown in Table 12 .4. Fig. 12 .6(a) shows the comparison of the loadedeflection curves of plain concrete (PC) beam and beams with different NCB, CF, and 22 kg/m 3 SF; the comparisons of the loadedeflection relationships of PC beam and beams with different NCB, CF, and 44 kg/m 3 SF are illustrated in Fig. 12.6(b) . Table 12 .5 shows the increase rate (dr) of the flexural strength and toughness parameters (the energy absorption and the equivalent flexural strength) with different conductive admixture contents. It must be emphasized that there is not any toughness or postcrack energy absorption for plain concrete because the PC beam showed a strong brittle behavior and is broken down after cracking. From Table 12 .4 and Fig. 12 .6(a) and (b), it can be seen that:
• Compared with the plain concrete (PC) beam without any conductive admixtures ( Fig. 12.6(a) ), the flexural strength s u of SF 04 (beams with 22 kg/m 3 SF), BCS 02084 (beams with 1.1 kg/m 3 NCB, 4.36 kg/m 3 CF, and 22 kg/m 3 SF), and BCS 03124 (beams with 1.65 kg/m 3 NCB, 6.54 kg/m 3 CF, and 22 kg/m 3 SF) increased by 12.5%, 27.5%, and 37.5%, respectively.
• Compared with the PC beam (Fig. 12.6(b) .54 kg/m 3 CF, and 44 kg/m 3 SF) increased by 45%, 70%, and 97%, respectively. It means that the flexural strength can be improved clearly by the addition of conductive materials (NCB, CF, and macro-SF).
• Compared with beam SF 04 with 22 kg/m 3 SF only ( Fig. 12.6(a) ), the s u of BCS 02084 and BCS 03124 increased by 13% and 22%, respectively. (Fig. 12.6(b) ), the s u of BCS 01048 and BCS 01128 increased by 17% and 36%, respectively. It means that the combined use of conductive admixtures (NCB, CF, and SF) showed a positive hybrid effect on the flexural strength.
• Compared to the postcrack behavior of beams with only SF (Fig. 12.6(a) and (b) ), the triphasic conductive beams behave much better over the entire deflection range. The hybrid use of NCB, CF, and macro-SF has a positive hybrid effect on the flexural toughness.
Effects of conductive materials on the flexural toughness
The postcrack parameters for SF 04, BCS 02084, BCS 03124, SF 08, BCS 01048, and BCS 01128 after 28 days are demonstrated in Table 12 .4. The hybrid use of nanocarbon black, carbon fiber, and macrosteel fiber has a positive hybrid effect on the flexural behavior. Comparing SF 04 with SF 08, it can be seen that the steel fiber plays a dominant role in improving the flexural behavior, especially the flexural toughness.
Influence of conductive admixtures on the relationship between strain and FCR (self-monitoring of strain)
Figs.12.7e12.10 illustrate the relationships between FCR and the strain of IGNA (ε 2 ) of concrete beams, and the effects of various conductive admixtures on these relationships can also be observed; it can be seen that the relationship between the FCR and the strain of IGNA corresponds well with the first order exponential decay function, which can be expressed in Eq. (12.1):
where a, b, and c are constant parameters corresponding to the type and the amount of electrical conductive phase, the variable X is the strain of IGNA, the unit of X is in mε, and the FCR is the percentage of Y. The parameters fitted and the correlation coefficient C R 2 are illustrated in Table 12 .6. The correlation coefficients of all beams in Table 12 .6 range from 0.5 to 0.978. From Figs.12.7e12.10 and Table 12.6, it can be seen that:
a. The correlation coefficient C R 2 of the plain concrete (PC) beam is only 0.50. It means that for the PC beam without conductive admixtures the tested value is not strongly related to the predicted Eq. (4). b. The correlation coefficient C R 2 of other beams with conductive materials like NCB, CF, or diphasic electric conductive materials (NCB þ CF) is higher than 0.76. Hence, the relationship between FCR and strain of IGNA is quite strongly correlated with Eq. (4). c. The correlation coefficient C R 2 of NCB 03, NCB 04, CF 10, CF 13, BF 14, and B 24 is higher than 0.9. It means that the relationship between FCR and strain of IGNA is very strongly correlated with Eq. (4), and the self-diagnosing of the damage could be more suitable especially for a concrete member with the suggested contents of conductive admixtures. 12.3.4 Influence of conductive admixtures on the relationship between FCR and flexural load-bearing capacity Fig. 12 .11(a)e(f) illustrate the variation of the load with deflection, and of the fractional change in surface resistance (FCR) on the tension side with deflection for various conductive admixture contents under bending. Compared with SF 04/SF 08 with monofiber (see Fig. 12 .11(a) and (b)), the signal to noise ratio (Wen and Chung, 2003) of the FCRedeflection curve of triphasic conductive concrete is much lower which indicates that the combined use of NCB, CF, and macro-SF demonstrates the positive hybrid effect on improving the signal-to-noise ratio of FCR (see Fig. 12 .11(c)e(f)). A significant increment of FCR can be observed (Fig. 12 .11(c)e(f)) during the first concrete cracking. For instance, the FCR of BCS 01048 in Fig. 12 .11(f) increased strongly during the first concrete cracking. After cracking, the FCR increased with decreasing load-bearing capacity, especially for a clear perturbation over the deflection range between 0.60 and 0.74 mm, where the load-bearing capacity dropped. A similar phenomenon can be observed for BCS 01128 (Fig. 12.11(d) ) over the deflection range between 0.46 and 1.20 mm. This can reflect that the triphasic electrically conductive concrete can be very suitable for self-sensing of change of load-bearing capacity. where a denotes the intercept and b denotes the slope of fitting line; both are constant parameters related to the types and the contents of electrically conductive phases. The unit of X is mm. The parameters fitted and the correlation coefficients (C R 2 ) are illustrated in Table 12. 7.
In addition, it can be observed from Fig. 12 .11 and 12.12 that the signal-to-noise ratio of FCR (Wen and Chung, 2003) is lower than those with mono-SF. It means that the combined use of NCB, CF, and SF has a positive hybrid effect on improving the signal-to-noise ratio of FCR. From Table 12 .7, it can be seen that:
• The correlation coefficient C R 2 of all beams ranges from 0.88 to 0.98. It means that the relationship between the FCR and COD is very strongly correlated with Eq. (1).
• Compared with SF 04 and SF 08 (macrosteel fiber as the sole conductive admixture), the correlation coefficients C R 2 of triphasic conductive concrete beams are higher, which means that the combined use of NCB, CF, and SF has a positive hybrid effect on C R 2 of the concrete member.
• The parameter b is the slope of Eq. (1), represents the gauge factor (Wen and Chung, 2003) (the fractional change in resistance per unit COD), and can reflect the self-sensing ability to COD. The gauge factor b of all beams ranges from 2.04 to 5.55.
• The parameter a of all beams ranges from 1.85 to 8.37. Generally, the value decreases with the increase of the steel fiber content. It means that the macro-SF may work both as a structural material for enhancing the postcrack behavior of concrete and as a functional material for improving the conductivity of concrete after cracking.
• The values of a of BCS 02084 and BCS 03124 are larger than the others (Table 12 .7), which can be attributed to the decreasing magnitude of load bearing capacity and increasing of FCR when concrete is cracking (see Fig. 12 .11). Thus, the value of the intercept a of Eq. (1) could reflect the reducing of load-bearing capacity at cracking. The conductive concrete is suitable for the self-sensing of crack. The hybrid use of NCB, CF, and SF has a positive hybrid effect on the crack sensing ability.
Conclusion
The purpose of this study was to explore the application of the NCB, CF, and macro-SF as triphasic electrically conductive materials for self-sensing of crack of concrete beams. A series of experiments and analyses on the mechanical properties like the strength and postcrack behavior, and the electrical properties like the FCR of concrete beam with electrically conductive materials have been performed, and the effects of macro-SF and triphasic conductive materials on the relationships among the FRC, the load bearing capacity, and deflection of the concrete beam after cracking have 
